A 900 optical hybrid is a four-port optical device with two inputs and two outputs. The two output signals are proportional to El + E 2 and El + E 2 exp(j90 0 ), respectively, where El and E 2 are the complex amplitudes of the two input signals. The 90° hybrids are needed in many applications, including homodyne optical receivers in both phase-locked and phase-diversity configurations. In this paper, the principle of operation of an all-fiber 90° hybrid is described, and an experimental unit using connectorized in-line single-mode fiber components is reported.
Introduction
A 900 optical hybrid is a four-port optical device with two inputs and two outputs. The two output signals are proportional to E + E 2 and E + E 2 exp(j90 0 ), respectively, where E 1 and E 2 are the complex amplitudes of the two input signals. The 90°h ybrids are needed in many applications, including homodyne optical receivers in both phase-locked 1 2 and phase-diversity 3 4 configurations. In phaselocked homodyne receivers employing nonlinear phase-locked loops, 1 
'
2 the loop locks the local oscillator in quadrature to the received signal at one of the hybrid outputs (say, output x). As a result, the local oscillator signal and the received signal appear in phase at the other hybrid output (say, output y), where the data detector is connected. In phase-diversity homodyne receivers, 3 4 the two outputs x and y are proportional to A cos0 and A sink, respectively, where A is the signal amplitude and 0 is the signal phase. A phase-diversity receiver estimates the signal power by calculating x 2 + y 2 , a quantity independent of 1. The 900 hybrids can be implemented integrally in electrooptic crystals, 1 built with discrete optical components, 5 or implemented entirely in the fiber domain. 6 An optical hybrid implemented in the single-mode fiber domain is particularly attractive since it is fully compatible with other components of a single-mode fiber communication system, and the high insertion loss and alignment problems associated with the conventional bulk optic components can be avoided. In this paper, the principle of operation of an all-fiber 900 hybrid is described, and an experimental unit using connectorized in-line single-mode fiber components is reported. (2) where E 1 and E 2 are the scalar amplitudes of the signals .at the two input ports, 1b is the relative phase between the two inputs (input 1 is selected as the phase reference); and ]T denotes transposition. Equations (1) and (2) 
The components of the hybrid are interconnected with a conventional (not polarization-preserving) singlemode fiber; see Sec. III for fiber specifications. The beat length for a conventional unstrained single-mode fiber is around 50 m, while the length of interconnecting pigtails in Fig. 1 is several centimeters. Therefore, the polarization states at the inputs of the polarization analyzers are essentially the same as the polarization states at the outputs of the 3-dB coupler. Since the polarization analyzers are aligned orthogonally with respect to each other, their outputs are 
For the 900 hybrid, 0 = 900, and Eq. (8) yields
Comparison of Eq. (7) with Eq. (9) reveals that the device of Fig. 1 should operate as a 900 hybrid with a 3-dB intrinsic loss. Figure 2 shows a photograph of an experimental hybrid built in our laboratory. The device is mounted on a 30 X 60-cm (1 x 2-ft) board and consists of two single-mode fiber-coil-type polarization controllers, 8 one 3-dB fused biconical coupler, 9 and two polarization analyzers built with single-mode fiber and birefringent crystals.' 0 (The coupling coefficient of the 3-dB coupler was experimentally found to be polarization independent.) All the fibers used in this experiment are single-mode 9-Mtm core 1 2 5-ptm o.d. The excess loss of the device has been measured to be 2 dB in addition to the intrinsic 3-dB loss. The rather high excess loss is due to the three devices (polarization controller, 3-dB coupler, and polarization analyzer) and four connectors encountered by each of the two input signals.
III. Implementation
To verify the phase properties of the device, the experimental setup shown in Fig. 3 has been constructed. The two input signals of the hybrid were derived from a single-frequency DFB laser, and the relative phase P was introduced with a phase modulator. The output currents of the detectors are, respectively,
Equations (10) and (11) show that the plot I vs 12 should be a circle if the hybrid operates ideally. Figure 4 shows an experimental plot of I vs 2 displayed on the oscilloscope of Fig. 3 . Inspection of Fig. 4 reveals that the hybrid operates nearly ideally.
V. Conclusions
An all-fiber 90° optical hybrid has been designed, built and tested. The device has an excess loss of 2 dB and exhibits nearly ideal behavior predicted by Eqs. (10) and (11) . The same principle can be used to create an arbitrary phase relationship between the two outputs. The applications of the device include ho-High-energy laser system having gyroscopically stabilized optical elements. modyne optical receivers in both phase-locked and multiport configurations.
